Neonatal lamb mortality is a major factor affecting profitability in the sheep industry, and lamb thermogenesis is a key element in neonatal lamb survival. Increased lamb vigor has been reported when ewes were supplemented during late gestation with algae-derived docosahexaenoic acid (DHA); however, the effects of DHA on lamb thermogenesis and immunocompetence have not been investigated. Eighty twinbearing Targhee ewes (ages 2 to 5 yr; 68.5 ± 3 kg) were assigned randomly to 1 of 2 supplement treatments to determine the effects of feeding DHA to ewes during late gestation and early lactation on lamb thermogenesis, serum metabolites and hormones, and lamb growth. Supplement treatments were 12 g•ewe −1
INTRODUCTION
Hypothermia and starvation are major causes of neonatal lamb mortality (Rook, 1997) . Almost 50% of preweaning lamb mortalities occur during the first 24 h of life (Dwyer, 2007) , with mortality as great as 35% occurring before weaning in Western range sheep operations (Rowland et al., 1992) . In lambs, the active processes involved in generating heat include shivering and nonshivering thermogenesis (Alexander, 1979) . Nonshivering replaces shivering thermogenesis with energy derived from brown adipose tissue (BAT; Symonds and Lomax, 1992) . Newborn lambs rely on BAT to prevent hypothermia (Alexander and Williams, 1968) .
Linoleic acid is the major energy source fueling BAT in lambs (Lammoglia et al., 1999a) . The effects of docosahexaenoic acid (DHA; also a PUFA) on BAT have not been studied. Lambs born to ewes fed 12 g•ewe
of DHA during late gestation had greater vigor scores than lambs born to ewes fed no DHA (Pickard et al., 2008) ; however, indices of lamb thermogenesis were not measured. The null hypothesis for this research is that lamb thermogenesis, serum metabolites and hormones, and postnatal lamb growth will not differ in lambs born to ewes either fed or not fed algae-derived DHA. Our objective was to determine the effects of feeding algaederived DHA to ewes during late gestation and early lactation on lamb thermogenesis, serum metabolites and hormones, and postnatal growth.
MATERIALS AND METHODS
All animal procedures were approved by the Agricultural Animal Care and Use Committee at Montana State University.
Ewe Selection and Management
Eighty twin-bearing Targhee ewes (ages 2 to 5 yr; initial BW of 68.5 ± 3 kg) were stratified by age and assigned randomly to 1 of 2 treatment diets. Ewes were selected from a band of approximately 2,000 ewes from the Targhee flock owned by the Bair Ranch Foundation and managed at the Bair Ranch in Martinsdale, Montana (Meagher County). Ewes were selected based on stage of pregnancy and number of fetuses (determined by real-time ultrasound at 65 to 75 d after breeding); twin-bearing ewes that conceived early in the breeding season (early November) and were expected to lamb in early April were chosen for the study. Ewes were transported from the Bair Ranch to the Montana State University Fort Ellis facilities near Bozeman on February 2, 2009, where they were confined in a dry lot with access to shelter. Ewes had ad libitum access to water and grass hay (10% CP; Table 1), trace minerals (Westfeeds Inc., Billings, MT), and salt (mixed 1 part to every 2 parts trace mineral) during late gestation. Beginning on February 7, ewes were fed 80% alfalfa:20% barley pellets (Table 1) •d −1 of each feed) to supplement the grass hay and acclimate ewes to the area in which they were to be individually fed experimental diets. On February 18, 2009, ewes were shorn, vaccinated with Covexin 8 (Clostridium perfringens type C and D, Schering-Plough Animal Health Corp., Omaha, NE), and treated with Ultra Boss, an internal and external parasite pour-on (Schering-Plough Animal Health Corp.).
Lambing Management
Ewes were observed every 15 min, 24 h/d during lambing season. When ewes were observed in labor, they were visually monitored constantly until parturition. After parturition, individual ewes and her lambs were placed in a pen (1.5 m 2 ) for 60 min to allow maternal bonding but without nursing. Vigorous lambs were muzzled to prevent nursing. Lambs were prevented from nursing to focus on neonatal energy status resulting from fetal development rather than confounding the study with the impact of dietary intake on neonatal energy status. At 30 min after lambing, lamb sex and birth weight were recorded, and umbilical cords were clipped and dipped in iodine. After 24 h, ewes and lambs were moved to mixing pens, and at 48 to 60 h, they were moved to pens (65 m 2 ) in groups of 5 or 6 ewes/pen for the duration of the study (38 ± 7 d). All lambs were vaccinated with Covexin 8 and Ovine Ecthyma (sore mouth; Colorado Serum Co., Denver, CO).
Treatments
Supplements were formulated by Westfeeds (Billings, MT) to be isocaloric and isonitrogenous, and to be individually fed daily at 0.9 kg/ewe on an as-fed basis (Table 1) . Ewe treatments were algae-derived DHA (DHA Gold; Advanced Bionutrition Corp., Columbia, MD) at a rate of 12 g•ewe •d −1 , and no algae-derived DHA (control). The algae-derived DHA was included in the daily supplement. The amount of DHA fed in our study was the amount recommended by the manufacturer and similar to the amount of DHA supplemented to ewes in the study by Pickard et al. (2008) . Diets were individually fed (40 ewes/treatment) daily during the last 30 d of gestation (beginning March 6, 2009) and pen-fed (6 pens/treatment with 6 or 7 ewes/pen) during the first 38 d of lactation (beginning April 15, 2009 ). To accomplish the individual feeding, each ewe was placed in a pen (0.75 m 2 ) once daily and fed the appropriate supplement. Ewes remained in individual pens until the entire daily allotment supplement had been consumed.
Data Collection and Sample Analyses
Blood Collection and Estimation of Thermogenesis. At 1 h after lambing, lambs and ewes were blood sampled (10 mL) via jugular puncture using nonheparinized Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ), and lamb thermogenesis was measured as described by Dafoe et al. (2008) . Each lamb was fitted with a rectal temperature sensor connected to a data-logger (HH506RA, Omega Engineering Inc.). After an initial temperature recording, both twin lambs were placed into crates (183 cm 2 ) in a dry cold environmental chamber (0°C) for 30 min; rectal temperatures of each lamb were recorded automatically every minute. Procedures for evaluating thermogenesis were used by Dafoe et al. (2008) and were based on findings of Hamadeh et al. (2000) , who concluded that 30 min in a 0°C dry, cold chamber was sufficient for determining thermogenic differences in factors such as birth type (twin vs. single) and colostrum intake (none vs. 20 mL) in newborn lambs. Lambs were removed from the cold chamber, and a blood sample was collected via jugular puncture, after which the lambs were warmed for 15 min at room temperature and returned to their dam. A final blood sample was collected from each ewe and lamb on the last day of the study.
Blood Metabolites and Hormones. Blood samples were centrifuged for 30 min at 1,000 × g at 4°C. Serum was decanted into 10-mL plastic tubes (Fisher Scientific International Inc., Pittsburgh, PA) and stored at −20°C. Glucose concentrations were assayed in duplicate (10 uL) using the Infinity Glucose Hexokinase Reagent (Thermo Fisher Scientific Inc., Waltham, MA) to create a reagent-to-sample volume of 150:1. Standards and high-and low-quality controls were also prepared with each assay. The culture tubes were then covered and vortexed for 30 s, followed by incubation at 37°C in a water bath for 30 min. Samples were then placed in a cold water bath for 10 min and poured into 1.5-mL plastic microcuvettes (Fisher Scientific International Inc.), which were placed in a UV 1201 spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD) and read at an absorbance of 340 nm. The assay was validated for sheep serum, and the intra-and interassay CV for pooled serum that contained 26.8 and 101.4 mg/dL of glucose, respectively, were <10%.
Nonesterified fatty acid concentrations in serum samples were assayed in duplicate by the Diagnostic Center for Population and Animal Health at Michigan State University (Lansing, MI) using an Olympus chemical analyzer (Olympus America Inc., Melville, NY) and NEFA-C kits (Wako Chemicals USA Inc., Richmond, VA). Intra-and interassay CV for pooled serum at 0.08 and 0.80 mEq/L of NEFA were <10%, respectively.
Cortisol concentrations were assayed in duplicate using solid-phase RIA kits (Siemens Medical Diagnostics Inc., Los Angeles, CA), as described by Berardinelli et al. (1992) . Briefly, 25 μL of each sample, in duplicate, were placed in antibody-coated tubes (from the Coat-A-Count kit) followed by 1 mL of a buffer that contained 125 I cortisol. Standards and high-and low-quality controls were also prepared with each assay. Tubes were vortexed for 30 s and incubated for 12 h at 37°C in a dry incubator. Tubes were thoroughly decanted, removing all moisture, and placed in a Packard Cobra II Gamma Scintillation Counter (Packard Instrument Co., Meriden, CT) for estimating percent bound to antibody. Intra-and interassay CV for pooled serum that contained 12.9 ng/mL were 8.49 and 11.7%, respectively. Intra-and interassay CV for pooled serum that contained 45.5 ng/mL were 5.7 and 10.4%, respectively.
Leptin concentrations were assayed in triplicate by D. Keisler at the Animal Science Research Laboratory of the University of Missouri using a liquid-liquid phase, double-antibody leptin RIA procedure described by Delavaud et al. (2000) . Intra-and interassay CV for pooled sera were all <10%, respectively.
Colostrum, Milk, and Lamb Growth. During the first hour after lambing, 60-mL colostrum samples were hand-milked from each ewe to use for assaying concentrations of fat, protein, lactose, total solids, and solids-not-fat. Samples were poured into covered plastic containers and stored at −20°C. On the final day of the experiment (May 18; 38 ± 7 d after lambing), 50-mL milk samples were hand-milked from each ewe and assayed for fat, protein, lactose, total solids, and solidsnon-fat. Constituents of milk and colostrum samples were analyzed by infrared analyses (MilkoScan FT120, Foss America, Eden Prairie, MN) at the Montana Veterinary Diagnostic Laboratory in Bozeman.
Colostrum samples were assayed for specific gravity as an indicator of IgG concentration (Mechor and Grohn, 1992 ) using a colostrometer (JorVet, Jorgensen Laboratories, Loveland, CO). In this procedure, 15 mL of colostrum was poured into the glass colostrometer, which was then placed in a plastic graduated cylinder containing distilled water. The colostrometer floated or sank to a certain level, and a reading was taken to assess the weight of the colostrum. Specific gravity is indicative of the concentration of IgG within a colostrum sample (Pritchett et al., 1994) . The quantity of IgG in the colostrum is proportional to the level of passive immunity that reaches the newborn lambs (Al-Sabbagh, 2009 ).
At birth, lambs were weighed with a spring balance hand scale and sling (Premier 1 Supplies, Washington, IA). Lambs were weighed again (nonshrunk, BW) on the last day of the experiment (38 ± 7 d after lambing) with a digital livestock scale, and growth was determined as kilograms gained from birth to May 18.
Statistical Analyses. Data were analyzed as a completely randomized design using the GLM and Mixed procedures (SAS Inst. Inc., Cary, NC). Temperature data were analyzed as repeated measures using the Mixed procedure of SAS; compound symmetry covariance structure was specified. Colostrum and milk data were analyzed using the GLM procedure of SAS. Ewe blood metabolite data included values for 0 d, 38 d, and numeric change from 0 to 38 d, and were analyzed using the GLM procedure of SAS. Similarly, lamb blood metabolite data included values for 0 min, 30 min, 38 d, numeric change from 0 to 30 min, and numeric change from 0 min (0 d) to 38 d. The models included the effects of supplement treatment, lambing date, lamb sex, and birth weight; sampling time was included for temperature data. Ewe was the experimental unit for blood metabolite, colostrum, and anti-PI 3 data, so lamb BW measurements, temperatures, and blood metabolite data were averaged to calculate lamb values per ewe. After lambing, treatments were maintained but imposed on groups of ewes. Therefore, pen was the experimental unit for milk and lamb growth data. When a significant (P < 0.10) treatment F-test was observed, means were separated using the LSD procedure.
RESULTS

Lamb Body Temperature
Rectal temperature did not differ (P = 0.11) between algae-derived DHA and control lambs (Figure 1) . When evaluated within time, lambs born to algae-derived DHA-supplemented ewes had greater rectal temperatures at 0 min (P = 0.07) and at 1 min (P = 0.08); however, rectal temperatures did not differ (P > 0.15) at any other time during cold exposure.
Lamb and Ewe Serum Metabolites
Glucose, NEFA, cortisol, and leptin concentrations of lambs did not differ (P > 0.19) between supplement treatments before (0 min), after (30 min), or for the change in metabolite or hormone concentrations over the 30-min cold exposure period (Table 2 ). There were no (P > 0.13) treatment effects on glucose, NEFA, cortisol, or leptin concentrations of lambs at birth (0 d), turnout (38 d), or for the change of these over the 38 d postlambing period (Table 3) . Glucose, NEFA, cortisol, and leptin concentrations of ewes did not differ (P = 0.20) between treatments at 1 h postpartum (0 d), at turnout (38 d), or for the change over the 38-d period (Table 4 ). , Columbia, MD) containing 2.2 g of docosahexaenoic acid, in the form of algal biomass (algae-derived DHA; algae) and no docosahexaenoic acid (control). The SEM for differences = 0.22°C. Rectal temperatures of lambs from ewes supplemented with algae-derived DHA were greater at time 0 (P = 0.07) and time 1 (P = 0.08), but did not differ at any other time (P ≥ 0.11). Repeated measures (Proc Mixed, SAS Inst. Inc., Cary, NC) were used to evaluate the effects of time, treatment (trt), and the trt × time interaction. These factors were not significant (P ≥ 0.11), with the exception of time (P < 0.001).
Colostrum and Milk
Percentage of fat and total solids were greater (P < 0.05) in colostrum of control ewes than in algaederived DHA-supplemented ewes; however, colostrum of algae-derived DHA-supplemented ewes contained a greater percentage of lactose (P = 0.03) and had a greater specific gravity (P = 0.05) than that of control ewes, indicating a greater IgG concentration (Mechor and Grohn, 1992) . No treatment effects were detected •d −1 of DHA Gold (Advanced Bionutrition Corp., Columbia, MD) containing 2.2 g of DHA, in the form of algal biomass (algae-derived DHA); and no DHA Gold product (control). in percentage protein or solids-not-fat (P > 0.16; Table  5 ). Milk samples did not differ (P = 0.27) in any of the variables measured at 38 d between algae-derived DHA-and control-supplemented ewes (Table 6 ).
Production Characteristics
Lamb BW on May 18 (38 d ± 7 d) was greater (P = 0.03) in lambs born to control than in lambs born to algae-derived DHA-supplemented ewes. Conversely, ewe BCS were greater in algae-derived DHA-than in control-supplemented ewes (P = 0.05) by 38 d after lambing (Table 7) .
DISCUSSION
Polyunsaturated fatty acids, such as linoleic acid, have been shown to be major contributors to the energy fueling heat production in the BAT of the lamb (Lammoglia et al., 1999b) . Pups born to rats consuming high-fat diets rich in linoleic acid during pregnancy had increased BAT activity, as indicated by increased adenyl cyclase activity (Cresteil, 1977) . Docosahexaenoic acid is a PUFA found in algae and fish oils. Pickard et al. (2008) studied the effects of DHA supplementation to ewes during the last 63 d of gestation on lamb vigor. Pickard et al. (2008) reported that concentrations of Treatments within isocaloric and isonitrogenous supplements were 12 g•ewe −1 •d −1 of DHA Gold (Advanced Bionutrition Corporation, Columbia, MD) containing 2.2 g of docosahexaenoic acid, in the form of algal biomass (algae-derived DHA); and no DHA Gold product (control).
2 n = 28 samples/treatment; the experimental unit for all items was ewe.
3 Specific gravity was used as an indicator of IgG concentration (Mechor and Grohn, 1992) using a colostrometer (JorVet, Jorgensen Laboratories, Loveland, CO). eicosapentaenoic acid and DHA (both n-3 fatty acids) in ewes throughout gestation and at lambing were increased in proportion to the length of time that the DHA diet had been fed. In our study, NEFA was measured, but concentrations in ewes did not differ between treatments. Nonesterified fatty acids are FFA in the blood that increase in concentration during fasting due to release of fatty acids from adipose tissue and can be used for metabolic energy (Bender, 2005) . Changes in NEFA are a measure of the degree of mobilization of lipid stores (Encinias et al., 2004) . Increased NEFA concentrations are a sign of limited dietary or body energy reserves in ruminants, enabling fat mobilization in response to energy scarcity (Peters, 1986) . Godfrey et al. (1991) reported an increased in NEFA concentrations in cold-exposed calves. Interestingly, Encinias et al. (2004) reported plasma NEFA concentrations were less at parturition in ewes fed high-fat diets (5.7%) than in ewes fed low-fat diets (2.8%) diets during gestation, indicating that high-fat diets limit utilization of fat stores at parturition in ewes. Our supplements were isocaloric, isonitrogenous, and had 2% fat, so ewes were provided equal energy; thus, the fact that NEFA did not differ between treatments may not be surprising.
Birth weight of lambs did not differ between algae-derived DHA-and non-algae-derived DHA-supplemented ewes in the study by Pickard et al. (2008) , which agrees with the results of the present study. Dafoe et al. (2008) studied the effects of PUFA on lamb BW. Late gestation ewes were assigned 1 of 4 supplemental diets that included whole safflower seed (high in linoleic acid) with or without supplemental vitamin E or an isocaloric barley-based supplement with or without supplemental vitamin E. At 32 d of age, lambs born to ewes fed the barley-based supplement had greater BW than lambs born to ewes fed the linoleic acid-rich safflower seed supplement. These results agree with ours; however, in both studies, supplemental PUFA did not affect lamb birth weight.
Thermogenic changes of lambs in response to late gestational supplementation of DHA have not been measured previously. Nonetheless, Chen et al. (2007) fed rumen-protected fat supplements to late gestating ewes with 2, 4, or 8% saturated or monounsaturated fatty •d −1 of DHA Gold (Advanced Bionutrition Corporation, Columbia, MD) containing 2.2 g of DHA, in the form of algal biomass (algae-derived DHA); and no DHA Gold product (control). 2 n = 4 samples/treatment; experimental unit for all items was pen (5 to 7 ewes/pen; 4 pens/treatment). •d −1 of DHA Gold (Advanced Bionutrition Corp., Columbia, MD) containing 2.2 g of DHA, in the form of algal biomass (algae-derived DHA); and no DHA Gold product (control).
acids or PUFA and reported that rectal temperatures were higher at birth and increased to a higher extent in the 0°C cold chamber (for 2 h) with both fat types when fed at levels of 2 or 4% fat, whereas rectal temperatures were decreased in lambs born to ewes fed 8% saturated or monounsaturated fatty acids. In the present study, supplementing diets of ewes with algae-derived DHA did not have an effect on response of lambs to cold exposure, although algae-derived DHA lambs tended to have greater rectal temperatures throughout the cold exposure period. As stated previously, concentration of fat in the supplements in the present study was 2%. The differences between our study and that of Chen et al. (2007) could be a result of differences in fat concentration. Perhaps feeding different fat amounts with DHA vs. no DHA would have affected the treatment responses for rectal temperatures of lambs during cold exposure.
Heifers were supplemented during the last 55 d of gestation with low-(2.2%) or high-(5.1%) fat diets (Lammoglia et al., 1999a) . In that study, plasma glucose concentration was affected by 2 interactions: the interaction of diet (calves born to cows fed high fat diets had greater concentrations), and the duration of cold exposure (glucose concentrations peaked at 50 min of cold exposure). These results supported the findings of another study by Lammoglia et al. (1999b) , in which crossbred heifers were supplemented with low-(1.7%) or high-(4.7%) fat diets during the last 8 wk of gestation. Greater glucose concentrations were reported in calves born to dams consuming the high-fat diets during late gestation, suggesting increased energy reserves at birth. The present study showed no difference in blood metabolites, but this again could be a result of the equal concentration of fat in the 2 supplements. Nonetheless, our results might simply reflect the fact that increased dietary DHA in the form of algae does not influence energy homeostasis in lambs or ewes.
Colostrum is the first source of energy that a lamb receives after birth and it supplies passive immunity via transfer of maternal immunoglobulins to the neonatal lamb primarily during the first, and perhaps the second, day of life (McCarthy and Mc-Dougall, 1953; Halliday, 1971) . Concentration and quantity of IgG in colostrum is proportional to the passive immunity transmitted to newborn lambs (Al-Sabbagh, 2009). Capper et al. (2006) investigated the effect of PUFA and palm oils in twin-and triplet-bearing ewes during late gestation on time to standing and suckling, which they reported as indications of lamb vigor. Capper et al. (2006) reported that fat and protein content was less in the colostrum from ewes supplemented with fish oil (PUFA) than colostrum from ewes supplemented with palm oil (greater in saturated fats). This was in agreement with our study in which colostrum from ewes fed the algae-derived DHA treatment had less fat.
Although not measured in our study, the extent of biohydrogenation of DHA and the syntheses of DHA de novo in the tissue from linolenic acid could affect results. Duckett and Gillis (2010) reported biohydrogenation of DHA to be over 98% in steers fed high-concentrate diets containing dietary fish oil. Dohme et al. (2003) reported that in vitro greater amounts of DHA in the fish oil (11.7 vs. 7.6%), reduced incubation time (48 vs. 24 h), and greater oil inclusion (125 vs. 12.5 mg/ mL) greatly reduced biohydrogenation of DHA (98 vs. 5%). Although it is difficult to make direct comparisons between results reported here with ewes fed a supplement containing DHA and results from Dohme et al. (2003) , who reported an in vitro study, readers can note that the concentration of DHA in the algae used in this study was 18.3% compared with 11.7% used in the study by Dohme et al. (2003) . We assume that given the digestibility of our supplement, ruminal retention time may have been closer to 24 than 48 h, and thus one could speculate that the amount of biohydrogenation would have been similar to or less than the 30% value reported by Dohme et al. (2003) for the least amount of oil inclusion with 24 h of incubation and 11.7% DHA in the oil. It is interesting to note that these authors reported biohydrogenation values as small as 5% with 24 h incubation, 11.7% DHA in the oil, and oil inclusion at 125 mg/mL. Dohme et al. (2003) and Duckett and Gillis (2010) investigated biohydrogenation in different amounts and sources of fish oil. No data could be found on biohydrogenation of DHA in the particular type of algae used in our study.
Docosahexaenoic acid is an important fatty acid in neural and visual development in infants (Horrocks and Yeo, 1999; Cunnane et al., 2000) , and it has been shown to increase lamb vigor (Capper et al., 2006; Pickard et al., 2008) in other studies. Thus, it seems likely that DHA has more of a neurological benefit rather than an energetic benefit. Although energy status (thermogenesis), serum metabolites and hormones, and BW at 38 d (±7 d) of age were measured in the present study, factors associated with brain and nervous system developments were not. Future experiments should address these factors with respect to supplementation of lategestation ewes with DHA.
In conclusion, the results of this experiment indicate that supplementing ewes during late gestation and early lactation with algae-derived DHA in the diet did not affect BW, serum metabolites and hormones, or body temperature of lambs in response to cold exposure, but resulted in greater concentrations of IgG in the colostrum. Supplementation of diets of ewes during late gestation and early lactation adversely affected growth and development of lambs early in lactation. Alexander, G. 1979 
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